Investigation of male sterility mutations is an effective approach for identification of genes involved in anther and pollen development. The comparison of "cytological phenotypes" of newly induced mutants with phenotypes determined by already known genes favors elucidation of genetic control of diverse microsporo-and gametogenesis stages. In this paper, we describe pollen development in the grain sorghum line Zh10-asc1 with mutation of male sterility. This line was obtained from callus culture treated by sodium ascorbate. A wide spectrum of abnormalities in microsporogenesis have been found, such as cytomixis, chromosomal laggards, chromosome disjunction, adhesion of chromosomes, disturbed cytokinesis, and others. In tapetum, the cells with one nucleus, with unequal nuclei, and with micronuclei have been observed. During pollen grain (PG) maturation abnormalities in starch accumulation and delay of development often took place. In mature anthers, a variety of pollen grain types have been revealed: fertile, of irregular shape, incompletely filled with starch, PGs delayed at the uni-nucleate or bi-nucleate gametophyte stages, with partially or fully degenerated contents, and with abnormal coloration. Variation in spectrum and the frequency of disturbances between the flowers of one and the same plant have been revealed. The reasons for significant genetic and epigenetic instability are discussed.
Introduction
Plant male sterility caused by spontaneous or experimentally induced mutations of nuclear or cytoplasmic genes is a wide area of research. Study of spontaneous and experimentally induced mutations allowed revealing a lot of mei-genes and genes controlling diverse stages of pollen formation [1] [2] [3] . Significant progress has been achieved in past years using T-DNA mutagenesis [4] [5] [6] [7] . The majority of these studies were carried out using the model species such as Arabidopsis thaliana or Oryza sativa. For species which are more recalcitrant for genetic transformation, a possible approach consists in study of "cytological phenotypes" of new mutants and comparison of them with phenotypes of earlier investigated accessions with the identified genes. Investigation of "cytological phenotypes" of such mutants makes it possible to define temporal pattern of gene expression involved in male gamete formation and elucidate pollen developmental phases upon which the studied mutations affect.
Among factors inducing mutations of male sterility specific mutagens targeting plant mitochondrion is of special interest because of the significant role of mitochondrial genome in male sporo-and gametogenesis [8] . Previously, we have shown that treatment of sorghum callus cultures with some agents (streptomycin, ethidium bromide), which are known for their capacity to induce mutations of mitochondrial genes, allowed us to obtain the mutants with male sterility (ms-str, ms-br1) [9, 10] . In the present paper we report the results of cytological investigation of male sterility mutation, ms-asc1, which was found in sorghum plant regenerated from callus treated by sodium ascorbate. Sodium ascorbate is known to be one of the most efficient factors inducing lipid peroxidation in plant and animal mitochondria [11] [12] [13] ; oxidizing stress occurring as a result of this process causes disturbances in functioning of mitochondrial genetic apparatus and damages of DNA [14] [15] [16] [17] . The ms-asc1 mutation induced by sodium ascorbate, as well as ms-str and ms-br1 mutations, is characterized by a broad spectrum of abnormalities of microsporogenesis, tapetum and pollen maturation that are described in this paper.
Material and Methods

Plant Material
The line Zh10-asc1 of the grain sorghum (Sorghum bicolor (L.) Moench) has been obtained following the treatment of the line Zheltozernoye-10 (Zh10) callus with sodium ascorbate [18] . One regenerated plant (R 0 ) from treated callus was characterized by complete male sterility. It was pollinated by the original line (Zh10), and fertile F 1 hybrids have been obtained. In their progeny (F 2 ), semi-sterile plants (with 10% -20% seed set on the bagged panicles) have been found. Seed set was estimated as the ratio of florets with seeds to the total number of florets on the panicles bagged before beginning of anthesis and expressed as a percentage. The line Zh10-asc1 resulted from self-pollination of such semi-sterile plants for three generations. Sterile, semi-sterile, and fertile plants from 
Microscopy
Panicle branches were fixed in 3:1 ethanol: acetic acid for 24 h and after double washing with 75% ethanol were stored at 4˚C. For investigation of meiosis, anthers extracted from flowers were treated with HCl (3.5% for 15 min, then 50% for 20 min), washed with distilled water for 2 min, then they were treated with acetic acid (45%) for 20 -30 min, and stained with acetohematoxiline (2%) for 24 hours. Squashes were prepared using mixture of 45% acetic acid with 70% chloral-hydrate (1:1) colored with some drops of acetohematoxiline. Pollen grains (PGs) were stained with 1% I 2 -KI. Squashes for analyses of pollen were prepared from the anthers evoked from five individual branches from different parts of a panicle. PGs from each branch were estimated in four replications. Black pollen grains were presumed to be fertile.
Results
First Division of Meiosis
In the Zh10-asc1 plants, asynchrony of the meiotic processes took place in individual anthers: meiocytes at stages from prophase I up to tetrad were observed simultaneously.
At the premeiotic stage or at prophase I, cytomixisthe transfer of chromatin material from one cell to another-was observed in six out of nine plants studied (Figure 1(a) ). It resulted in formation of microspore mother cells (MMCs) with extra chromatin masses or additional nuclei. In anthers of the cytomictic plants, the coenocytic structures, which arose, apparently, due to junction of two or more meiocytes were observed. In addition, binucleate cells with equal nuclei have been found. The nuclei in the binucleate cells and in the coenocytic structures were synchronized in their divisions (Figures 1(b) and (c)).
At diakinesis, the Zh10-asc1 plants had an increased frequency of MMCs with unpaired chromosomes (12.0% -23.5%), in comparison with the plants of Zh10 (0.0% -6.1%). At telophase I, unpaired chromosomes and some of bivalents showed irregular behavior during chromosome disjunction and failed to disperse normally to the poles (Figure 1(d) ). They were not included in the daughter nuclei, forming micronuclei or additional nuclei (Figure 1(e) ). In the anaphase/telophase I, a lot of other aberrations associated with abnormal chromosome movement and cytokinesis disturbances were observed resulting in formation of monads and anomalous dyads (Figure 1(f) ).
Second Division of Meiosis
Asynchronous division of dyad sister cells was not infrequent at the second division. During meta-and anaphase II the same types of irregularities that were found at the first division were observed: some chromosomes did not include in an equatorial plate; in telophase II, solitary or numerous chromosomes were scattered in the cytoplasm (Figure 1(g) ) resulting in the tetrads with a lot of micronuclei (Figure 1(h) ). Due to irregular cytokinesis triads were formed in some cases. In some MMCs, abnormalities associated both with chromosome disjunction and cytokinesis took place simultaneously resulting in formation of absolutely abnormal meiotic products (Figure 1(m)).
All the studied Zh10-asc1 plants had the dyads with the division spindles dislocated not in parallel, as is typical for the Poaceae species, but under different angles with respect to each other (Figure 1(i) ). Correspondingly, the equatorial plates at metaphase II disposed abnormally (Figure 1(j) ) that resulted in formation of tetrads with abnormal configuration (Figures 1(k) and (l)), their frequency ranging in different plants from 7.1% to 24.0%.
Irregularities in chromosome disjunction led to the formation of microspores with numerous micronuclei.
Failure of cytokinesis led to coenocytic microspores ormation, which often did not develop a normal cell f wall. In other cases, the second division was absent, and "the giant microspores", which synthesized pollen coat, were formed from the cells of dyads (Figure 1(m) ). The aberrations described above, along with cell degeneration, were found out in all the studied plants. But some aberrations were specific only to individual plants. For example, in the plant #2-9 (F5), mitosis was found in microspores immediately after their release from the tetrads. In the plants #6-7 and #6-1 (both in F5), vacuolization of the microspores began before pollen grain coat and pore formation. In the same plants, some microspores did not form the pollen grain wall. In the plant #2-4 (F5), the cells of dyads were covered by pollen coat (Figure 1(m) ).
The frequencies of aberrations observed at microsporogenesis are summarized in the Table 1 . Data for MMCs include all abnormalities found at the stages from metaphase I up to tetrad, with the dyads at all the stages of second meiotic division and the tetrads being considered as a one meiocyte.
The frequency of microsporogenesis irregularities in the Zh10-asc1 was higher and the limits of variation for all the stages were considerably wider, in comparison with the original line Zh10 (Table 1) , significant differences being observed not only between the plants, but also between the flowers of individual plant that hampered statistical evaluation of data. However, in spite of such wide variation, the plants of the line Zh10-asc1 with different seed set significantly differed in percentage of aberrations: the "almost" sterile plants (with 1% seed set) (#2 -4 and #3 -9, (Table 1) had higher aberration frequency compared with semi-sterile plant #2 -8 (with 20% seed set). At the same time, semi-sterile plants #2 -9 and #6 -1 with the same seed set (20%) also differed significantly in percentage of meiotic aberrations. No significant differences in the frequencies of aberrations have been found between the plants with cytomixis and without it.
Tapetum
In the fertile sorghum lines, at the leptotene stage in MMCs, mitosis without cytokinesis occurs in tapetum, resulting in cells with two nuclei of equal size. Nevertheless, a little proportion of mononuclear cells usually retains during the next stages of anther development [18] . In the Zh10-asc1 plants, mononuclear tapetal cells were more frequent than in the original line, Zh10 (8.1% -28.5% and 3.5% -3.9%, respectively). In addition, the cells containing micronuclei or two nuclei differing in size have been revealed (Figure 1(o) ), their frequency in Zh10-asc1 also being higher compared to Zh10 (2.5% -6.6% vs. 1.2% -2.5%). In the same plants, three-and four-nucleated tapetal cells have been found (Figure 1(p) ), which were not ever observed in the Zh10 line. This testifies that the plants of the Zh10-asc1 line parallel to meiotic abnormalities displayed partially disturbed mitosis in somatic tissues of anthers. In addition, in the plant #2 -4 (F5), the length of some tapetal cells reached 52.0 μm whereas in other plants it did not exceed 40.5 μm. Besides that, in some flowers of this plant there were the cells with unusually highly developed vacuoles (Figure 1(q) ). In all the plants, the tapetal cells with picnotic nuclei have been found (Figure 1(r) ). it had been found for microsporogenesis ( Table 2) . For example, in the plant #2 -8 the frequency of mononuclear cells ranged in different flowers from 2.0% to 36.0%; in the plant #2 -4 the frequency varied between 6.0% to 38%, whereas in Zh10 plants the limits of variation were no more than 10%.
Mature Pollen
Analysis of pollen at the flowering stage has shown a great variety of PG anomalies. Side by side with the fertile PGs, there were 1) the PGs of irregular shape filled with normally stained starch; 2) the PGs filled by starch not completely; 3) the PGs with brown or light tan color ("waxy"-type PGs); 4) the PGs with light grey color; 5) the PGs delayed at the mono-nucleate or bi-nucleate gametophyte stages; 6) the PGs with the normally formed pollen coat and pore, and partially or fully degenerated content (Figure 2 ). These types of PGs were found in the pollen of all the studied Zh10-asc1 plants.
It must be emphasized that pollen of different individual branches of one and the same plant differed in coloration that pointed out quantitative or qualitative differences in starch accumulation. For example, the plants #2 -8, #2 -4, and #3 -9 had the branches with normally filled "waxy" and fertile PGs, and the branches in which the most PGs were entirely degenerated (Figures 2(a), (b) , (h) and (i)). Different branches of the panicle of the plant #6-1 differed for the quality and the quantity of starch being accumulated (Figures 1(d) and (e) ). Pollen from the same branch could also contain both fertile, and "waxy"-type PGs (Figure 1(f) ) or both fertile and degenerated PGs.
The frequency of the other PG types varied considerably between the branches and the flowers of the one and the same plant. The percentage of fertile PGs in the plants of the line Zh10-asc1 was sufficiently lower than in the plants of Zh10 ( Table 1) .
It must be emphasized that in semi-sterile sorghum plants there were no anthers in a majority of the male flowers. However, in some male flowers anthers were observed, and sometimes they contained sufficiently higher proportion of fertile PGs in comparison with the hermaphrodite ones. For example, the male flowers of the F5 plant #2 -8 contained approximately 70% fertile PGs (Figure 2(c)) , and, most probably, these fertile PGs provided relatively high seed set in this plant. Interestingly, cytomixis, most likely, was not the important factor, reducing pollen fertility: the cytomictic plants #26 -6 (F4) and #6 -1 (F5) had the highest pollen fertility among the plants of the line Zh10-asc1 ( Table 1) .
Discussion
The data presented above showed a lot of abnormalities in the processes of microspore and PG development in the Zh10-asc1 plants: 1) disturbed tapetal cell formation; 2) irregularities in microsporogenesis (cytomixis, aberrations associated with meiotic chromosome behavior, abnormal cytokinesis); 3) anomalies in starch accumulation in PGs. Each of these abnormalities may be the reason of pollen sterility in studied plants.
Meiotic irregularities usually result in microspores with unbalanced genome structure, which most frequently are non-viable. It is known that anomalies of chromosome segregation and cytokinesis are the result of the disturbances of the genetic system controlling assembling and functioning of microtubules [19] [20] [21] . Whereas, the other abnormalities, have been found in Zh10-asc1 point to the mutations of the genes, which control other embryological processes. These processes are not caused by disturbances in the microtubular cell apparatus: disintegration of the tetrads, vacuolization and degeneration of the tapetal cells, accumulation of starch in the microspores, formation of the PG coat, etc. Each of these abnormalities resembles phenotypes described in previously identified mutants. For example, mitosis occurred immediately after collapse of the tetrads of microspores (in the plant #2 -9) has been described in the maize plants possessing the recessive mutation polymitotic determining division in the microspores, bypassing the S-stage of the cell cycle [22] . The tetrad's failure to separate normally (the same plant #2 -9) is, more likely, connected with the mutation breaking pectin degradation that is necessary for microspore separation, as was shown in Arаbidopsis [23, 24] . Failure to form PG coat (the plant #3 -9) may be the result of the mutations disturbing sporopollenin synthesis [25] . Vacuolization of microspores before the formation of PG coat (in the plant #26 -1) has been previously described in maize plants with the mutation ms2 [26] . The disturbed orientation of two spindles in dyads completely coincides with the description of the mutation ms43 in maize [2] .
A lot of abnormalities were observed also in the mature PGs (PG degeneration, changed coloration). PG degeneration could be caused by disturbed tapetum development. The tapetum of higher plants plays a critical role in pollen development, as it provides nutrition for developing microspores [27] . Disturbances in tapetum development (anomalous nuclei and increased vacuolization) found in the Zh10-asc1 anthers led, apparently, to disturbances of nutrition functions of this tissue that led in its turn to sterilization of a part of PGs. In addition, microspores that developed in abnormally configurated tetrads might lose contact with tapetal cells that also could result in disturbed nutrition of microspores.
Changes of PG coloration, obviously, are associated with abnormalities in accumulation and composition of starch. A variety of the PG coloration may point to instability in loci determining starch accumulation in PGs. The light tan, light-and dark-brown PGs may be caused by mutations in the waxy locus, which encodes granulebound starch synthase regulating amylose synthesis. Mutations in this locus result in amylose replacement by amylopectine [28] . Waxy genes were shown to be transposon-rich in a number of cereals [29] . Transposon insertions caused formation of endosperm sectors with null or intermediate wx expression [30, 31] . It is probable that in the Zh10-asc1 plants, the differences in pollen grain coloration were also determined by different functional states of waxy gene that might be caused also by transposon insertion(s). Indirect evidence in favor of this hypothesis is significant variation of PGs with different coloration in different branches of one and the same panicle. One of the reasons of such epigenetic variation as well as of high frequencies of other irregularities of pollen development in the Zh10-asc1 plants, each of which are known to be encoded by different genes, might be an active transposon insertion(s). Assuming that in similar highly variable male-sterile sorghum mutants (ms-br1) obtained by ethidium bromide treatment we found an active Isaac transposon [10] , this hypothesis might be probable.
Perhaps, both ethidium bromide and sodium ascorbate treatments having common target-the mitochondrial genetic system-might cause retrograde signal to nuclear genome resulting in activation of mobile genetic element(s).
Alternatively, broad spectrum of abnormalities in pollen development in Zh10-asc1 plants could be explained by mutation(s) in a gene encoding a transcription factor that regulates expression of other genes involved in pollen development. Presently, a number of transcription factors required for pollen development have been found and their role in male-sterile phenotype was shown [32] [33] [34] [35] .
Thus, for the first time, we have described male sterility mutation induced by sodium ascorbate that is characterized by a broad spectrum of abnormalities in microsporo-and gametogenesis. The nature of this genetic and epigenetic instability will be a subject of further investigations.
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